Plexiform neurofibromas (PNs), which may be present at birth in up to half of children with type 1 neurofibromatosis (NF1), can cause serious loss of function, such as quadriparesis, and can undergo malignant transformation. Surgery is the first line treatment although the invasive nature of these tumors often prevents complete resection. Recent clinical trials have shown promising success for some drugs, notably selumetinib, an inhibitor of MAP kinase kinase (MEK). We have developed three-dimensional (3D) cell culture models of immortalized cells from NF1 PNs and of control Schwann cells (SCs) that we believe mimic more closely the in vivo condition than conventional two-dimensional (2D) cell culture. Our goal is to facilitate pre-clinical identification of potential targeted therapeutics for these tumors. Three drugs, selumetinib (a MEK inhibitor), picropodophyllin (an IGF-1R inhibitor) and LDN-193189 (a BMP2 inhibitor) were tested with dose-response design in both 2D and 3D cultures for their abilities to block net cell growth. Cell lines grown in 3D conditions showed varying degrees of resistance to the inhibitory actions of all three drugs. For example, control SCs became resistant to growth inhibition by selumetinib in 3D culture. LDN-193189 was the most effective drug in 3D cultures, with only slightly reduced potency compared to the 2D cultures. Characterization of these models also demonstrated increased proteolysis of collagen IV in the matrix by the PN driver cells as compared to wild-type SCs. The proteolytic capacity of the PN cells in the model may be a clinically significant property that can be used for testing the ability of drugs to inhibit their invasive phenotype.
Introduction
Plexiform neurofibromas (PNs) are a hallmark of neurofibromatosis type I (NF1), a genetic disease characterized by an autosomal dominant mutation in the NF1 gene. The encoded protein, neurofibromin, as well as other proteins in this class (Ras GTPase activating proteins, RasGAPs) function as negative regulators of Ras. The NF1 mutation results in a single functional NF1 allele in the afflicted individual. Mice, and presumably humans, nullizygous for NF1 do not survive gestation (Brannan et al., 1994) . Neurofibromin expression is prominent in brain, spinal cord, peripheral nerve, and adrenal gland with highest abundance in neurons, Schwann cells (SCs) and oligodendrocytes. This expression pattern is consistent with the proliferation of SCs in neurofibromas associated with neurons in the peripheral nervous system (Daston et al., 1992) .
PNs arise from large peripheral nerves. SCs or SC precursor cells are thought to be the tumor cells of origin (Zhu and Parada, 2002; Cichowski and Jacks, 2001; Muir et al., 2001 ). The initial event that predates and appears to be required for tumor growth is loss of SC heterozygosity for neurofibromin (NF1 (−/−) ) (Kluwe et al., 1999;  increased response to specific stimuli (Yang et al., 2012; Ingram et al., 2000) . PNs are present at birth in 25-50% of children with NF1 (Prada et al., 2012) . Currently there is no standard drug therapy available although recent clinical trials have shown promising success with the MAP kinase kinase (MEK) inhibitor selumetinib (Dombi et al., 2016) . Problematically, only 10% of the compounds that pass through the standard pre-clinical protocol for drug research, i.e., 2D cell culture and subsequent animal testing, are ultimately successful in human clinical trials (Edmondson et al., 2014) . Our goal is to provide a bio-engineered 3D system that predicts translational effectiveness at a much higher frequency than is currently achieved through 2D testing. The 3D system consists of a matrix that provides physical support and mechanical cues that alter cell behavior (Mason et al., 2012) . In addition cells in 3D are exposed and react to concentration gradients, imposed by the structure of the matrix, of endocrine signaling molecules, bioactive molecules stored and released by the matrix or, potentially, any therapeutics added to the system that will further affect cell behavior (Lee et al., 2008) . Traditional 2D cultures, spread out and flat on plastic dishes, are likely to be missing the interactions stimulated by the supporting infrastructure. These differences in exposure to mechanical forces and matrix-mediated signaling molecules have led to the following observations over the last 10 years: 1) the layer of extracellular matrix (ECM) in 3D allows the cells to retain their morphology and spatial arrangement to other cell types mimicking the in vivo condition (Gurski et al., 2009; Feder-Mengus et al., 2008) ; 2) tumor cells grow more slowly in 3D reflecting tumor growth in vivo (Chitcholtan et al., 2013; Chignola et al., 2000) ; 3) tumor cells in 3D show increased energy production (Yamaguchi et al., 2013) and a difference in gene expression profiles as compared to 2D (Cheema et al., 2008; Kaur et al., 2012) ; and 4) tumor cells grown in 3D show different sensitivities to chemotherapeutic or targeted drug therapies (Li et al., 2010; Weaver et al., 2002; Imamura et al., 2015; Chambers KF et al., 2014) .
We have developed 3D models that utilize a reconstituted basement membrane (rBM) based on ECM secreted from Engelbreth-Holm-Swarm mouse sarcoma cells: Matrigel with reduced growth factor content and free of phenol red dye. The major components of Matrigel are laminin (60%), collagen type IV (30%), entactin (8%) and heparan sulfate proteoglycan (Kleinman and Martin, 2005) . These components are also found in the endoneurium surrounding the SC-axon unit of the peripheral nervous system. Collagen type IV, detected in abundance, is a major constituent of mammalian ECM (Platt et al., 2003) . Laminin, a protein made up of 3 chains, is present at a high concentration at the inner surface of the endoneurium close to the SC (Suri and Schmidt, 2010) . Proteoglycans commonly expressed in the nervous system are part of the ECM or are associated with cell membranes (Hartmann and Maurer, 2001) . Under normal physiological conditions SCs bear integrins that bind to laminin allowing adhesion of the cell to the ECM, which is a necessary step in myelination (Berti et al., 2006) . There is thus the potential for a working relationship between the PN driver cell and the rBM.
Culture in 2D has contributed much to our understanding of the molecular biology of the cell but fails to take into account the presence in vivo of multiple cell types in addition to the complexity of the tumor environment. There is thus an emerging paradigm that 3D models provide a superior pathomimetic recapitulation of tumor biology (Kimlin et al., 2013) . The goal of this study was to develop robust 3D NF1 PN models utilizing NF1 (−/−) 
Cell lines and genetic analysis
The following immortalized cell lines were described in (Li et al., 2016) : ipn02.3 2λ, ipn97.4 and ipn02.8 were originally derived from human normal (wild-type) non-tumor nerves; cell lines ipNF95.6, ipNF95.11b C, and ipNF95.11b C/T were derived from NF1 PNs. Lines ipNF95.11b C and ipNF95.11b C/T were derived from the same PN but immortalized independently. Mutation analysis was performed (Li et al., 2016) on ipNF95.11b C/T and ipNF95.11b C by PCR amplification of NF1 gene intron 41 followed by mutation-specific restriction digest/polyacrylamide electrophoresis. Results showed that both lines had lost the wild-type allele with no evidence of a normal allele. Sequencing was performed (Li et al., 2016 ) on ipNF95.6 that showed both the germline and somatic NF1 alleles have nonsense mutations although at different sites. These PN lines are thus regarded as two-hit tumor cell lines (not heterozygous) (Li et al., 2016) . All cell lines were maintained as monolayers at 37 o C, 5% CO 2 by passing every 2 or 3 days in growth media (DMEM/high glucose +10% FBS). Cell lines were routinely checked to ensure that they were free of mycoplasma contamination.
Red Fluorescent Protein (RFP) lentiviral transduction
The producer cell line HEK293T was transfected with the packaging plasmids pCMV-dR8.2 dvpr (Stewart et al., 2003) , pVPack-VSV-G, and pVPack-GP along with pLVX-IRES-tdTomato for expression of RFP using lipofectamine 2000 transfection reagent. The producer cells were incubated for 24 h at 32°C after which the viral broth was collected. Transduction of SCs, ipn02.3 2λ, ipn02.8, and ipn97.4 and NF1 PN cells, ipNF95.6, ipNF95 .11b C, and ipNF95.11b C/T (at low cell confluence,~20%) was performed using ViraDuctin Lentivirus Transduction Kit according to the manufacturer's instructions. This protocol was repeated for a 2nd and 3rd day using additional viral broth collected from the producer cells. A 30 to 90% transduction was achieved depending on the cell line. Cells were incubated with the selection agent G418 for 6 days at concentrations that ranged from 600 to 2400 mg/ml depending on the cell line. This was followed by sorting for the population of cells (20% of the total number) emitting red fluorescence at the highest intensity on a Sony SH800 cell sorter (Microscopy, Imaging and Cytometry Resources Core at Karmanos Cancer Institute, Wayne State University). Samples from these mixed populations were appropriately diluted and clones were isolated and expanded from ipn02.8-RFP, ipn97.4-RFP and ipNF95.11b C-RFP.
2D culture
The conditions under which testing of the effect of drugs on cell viability in 2D culture were as follows: cells were plated in 96-well plates with no additional coatings applied. The plating densities (in cells/well) of the cell lines used to test the MEK inhibitor varied to account for individual growth rate and plating efficiency and were as follows: wild-type cell lines, ipn02.8-RFP (1800) and ipn97.4-RFP (3000); PN cell lines, ipNF95.11b C-RFP (2500) and ipNF95. 6-RFP (2000) . For testing LDN-193189 and picropodophyllin, the plating density of the wild-type cell line, ipn02.3, and the PN cell lines, ipNF95.11b C and ipNF95.6 was 1500 cells/100 μl growth media/well. Assay media for drug testing was DMEM, high glucose, supplemented with 10% FBS and 1% penicillin streptomycin solution.
3D culture
Cell viability assays for drug testing in 3D were performed in 96-well plates that we pre-coated with 30 μl rBM (Matrigel) in each well. This provides a layer of about 1 mm of thickness. If the layer is too thin the cells migrate to the plastic and assume the morphology of a 2D monolayer. Because of the additional space for growth provided by the 3rd dimension, the plating density for 3D was higher than 2D. Specifically plating numbers for MEK testing were varied according to growth rate as follows: wild-type cells lines, ipn02.8-RFP at 2500 cells/ well and ipn97.4-RFP at 3300 cells/well; PN cell lines, ipNF95.11b C-RFP and ipNF95.6-RFP at 8000 cells/well. Plating numbers for testing the effects of LDN-193189 and picropodophyllin were 4000 cells/well for all cell lines. The higher 3D plating density likely increases the presence of cell-secreted factors that promote the formation of networks or aggregates. The volume provided by rBM also allows the cells to assume a morphology that more closely mimics in vivo conditions (Barcellos-Hoff et al., 1989 ); see Fig. 1 . In the presence of rBM the 3D growth media supports viability at a reduced FBS concentration of 2% as compared to 2D growth media supplemented at 10%. The 3D assay media was further supplemented with 2% rBM and 1% penicillin streptomycin solution.
For confocal imaging, cells were cultured in 3D using plastic coverslips as described with some modifications. A single 1 × 2 cm sterile coverslip was placed in a 35-mm culture dish, chilled on ice and layered with 60 μl of ice-cold matrix. The matrix consisted of either rBM (8 mg/ml) or rBM:collagen I. The rBM:collagen I mixture was prepared on ice as follows: the rBM was diluted to 8 mg/ ml with unsupplemented media (DMEM/high glucose); the collagen I was diluted to 8 mg/ml with PBS and the pH was elevated to 7.4 with 1 N NaOH. The rBM and collagen I, respectively, were combined by volume according to the ratio, 60:40. For proteolysis experiments, the DQ-collagen IV substrate was added for a final concentration of 25 μg/ ml to the matrix prior to layering. The matrix was then placed on the lowest shelf of the incubator (where humidity is the highest) at 37°C, 5% CO 2 for 20 min to insure gel formation. Cells were trypsinized and resuspended in assay media for a final concentration of 8000 cells/60 μl (unless otherwise noted). The cell suspension (60 μl) was gently spotted across the surface of the solidified matrix producing a sheet of overlaying fluid. Surface tension held the cell suspension onto the matrix as long as touching the plastic was avoided during application. The cells were incubated at 37 o C, 5% CO 2 for 45-60 min until they adhered to the gel, after which 2 ml of 3D growth media was added.
Confocal imaging
Images of transfected RFP or Hoechst stained cells as well as proteolytic release of DQ-collagen IV substrate were obtained using a Zeiss laser scanning confocal microscope, LSM 780 equipped with a Zeiss W Plan-Apochromat 20×/1.0 NA (numerical aperture) or a Zeiss Achroplan 10 ×/0.3 W Ph1 objective. Prior to microscopy the assay media was replaced by imaging media (DMEM, phenol red free to minimize interference with the fluorescent signal, supplemented with 2% FBS). Depending on the experiment, either four randomly selected sections of sample or a single large section was scanned using a waterdipping objective (10 × or 20×). Fluorescence of RFP was collected at an excitation wavelength of 550 nm and an emission gating of 551-595 nm. Fluorescein signals (from degraded DQ-collagen IV) were collected at an excitation wavelength of 490 nm and an emission gating of 495-571 nm. Blue fluorescence from the Hoechst dye was collected at an excitation wavelength of 405 nm and an emission gating of 413-517 nm. Z-stacks of the images at 5.67 μm intervals (proteolysis assays), 9.67 μm intervals (volumetric assays), or 2.5-4 μm (morphology assays) were reconstructed with Volocity software (Perkin Elmer) that yielded a numerical evaluation of the intensity and total volume of the signal or calculated the number of nuclei. Intensity of the proteolytic signal (green channel) per cellular structure volume (red channel) or cell number (blue channel) was quantified.
Cell morphology
Fluorescent emission of cytoplasmic RFP captured by the confocal microscope to define the shape and volume of the cells. Cells were plated on a coverslip at 8000 cells/60 μl of assay media/slip (unless otherwise noted) and scanned after 6 days of growth. Assay media were changed on day 4. Optical sections were collected using a 20×/1.0 NA objective. To ensure representative data were collected, a single large section of the sample was scanned by setting the microscope to capture six adjacent fields for an area of approximately 1270 × 889 μm. The setting for the vertical axis was determined by the height of the cell population.
Proteolysis
For each proteolysis experiment, samples were plated on one of two matrices, rBM or rBM/collagen I, with incorporation of DQ-collagen IV. The protocol for confocal microscopy using cover slips described in the section 3D culture was followed. Each of the five cell lines were tested along with a negative control to define the background signal, i.e., 60 μl of rBM supplemented with DQ-collagen IV at 25 μg/ml without cells. Cells and control were incubated as described for 6 days with a media change on day 4. Four randomly selected fields on a single coverslip were imaged for each sample with parameters described under Confocal Imaging. The images were reconstructed with Volocity software. Proteolysis was determined using a volumetric RFP assay: with the software the fluorescent signals were converted to numerical values for the intensity of the signal from the fluorescein (green) channel and the volume from the RFP (red) channel for a selected group of cells. Proteolysis was expressed as intensity/volume. The results of the experiments for either rBM or rBM:collagen I were analyzed using oneway ANOVA using Kruskal-Wallis Test followed by Dunn's Multiple Comparison Test in the software analysis program, GraphPad Prism.
Drug treatment
These assays were designed for a 96-well plate format in 2D and 3D culture using either tissue culture treated, polystyrene plates (MTT assay) or 96 well optical-bottom plates with white upper structure (CellTiter-Glo luminescent assay). Steps of the 3D culture protocol were performed on ice or at 4°C. Plates and an 8-channel reservoir were chilled for a minimum of 10 min. Using an 8-channel pipette, 30 μl per well of ice cold rBM was dispensed into the plate. In order to reduce the meniscus and create an even spread of the rBM in the wells, plates were subsequently centrifuged at 2000 ×g, 4 min, 4°C in a microplate swinging bucket rotor. This permitted a uniform plating of cells across the surface. The plates were incubated at 37°C until the rBM formed a gel. Cells were resuspended at the appropriate density (described in section: 3D culture) in 3D assay media (2% rBM, 2% FBS, 1% penicillinstreptomycin in DMEM/high glucose) and plated at 100 μl per well in duplicate plates. Cells were prepared in parallel for 2D culture by resuspension at densities described (2D culture) in DMEM/high glucose supplemented with 10% FBS and 1% penicillin-streptomycin. The cell suspension was dispensed at 100 μl per well on duplicate plates. Empty cells at the perimeters of the plates were filled with sterile water to minimize media evaporation.
Twenty-four hours after plating the drug was applied at the final concentrations indicated. A vehicle treated control (DMSO) was applied to each cell line at the same dilution used to deliver the drug, i.e., for selumetinib testing, 1:1000 dilution of DMSO; for LDN-193189 and PPP testing, 1:250 dilution of DMSO. For LDN-193189 and PPP testing, 50 μM doxorubicin was applied as a positive control for net growth inhibition and an ATP standard curve (1 μM, 100 nM and 10 nM) was prepared in culture media as a positive control for the assay reagent. After an additional 48 h of incubation net cell viability was assayed. The net viability of the cells per sample was determined using tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium, (MTT) for selumetinib and the CellTiter-Glo Luminescent Cell Viability Assay for LDN-193189 and PPP.
MTT Assay
After 48 h of drug incubation, 20 μl of 5 mg/ml MTT solution was added to the culture medium of all wells. In addition, 8 μl of FBS was added to each 3D well to achieve a final concentration of 10% FBS. Cells were incubated for 1 to 3 h until a purple colored formazan product was formed. The medium was removed by flipping the plates over and tapping gently. The formazan product was incubated overnight at 37°C in a 10% SDS in 0.01% HCl solution. This solution solubilized the formazan and also the rBM. The optical density was measured at 570 nm with a background absorbance read at 690 nm (Epoch microplate reader, Biotek Instruments, Winooski, Vermont).
CellTiter-Glo Luminescent Cell Viability Assay
After 48 h of drug incubation the CellTiter-Glo Reagent was added according to the manufacturer's instructions with the exception that for the 3D wells solubilization of the gel was ascertained by microscope before proceeding to measurement of the luminescent signal (Glomax™, 96 microtiter plate luminometer, Promega, Madison, Wisconsin).
Analysis
To facilitate comparisons of drug effects between cell lines the primary data were normalized to percent of control and then converted from the number of viable cells left after treatment to percent inhibition (100% − % of control). These values were used to construct dose-response curves. Using GraphPad Prism, the logarithm of the concentration of the drug was plotted against the % inhibition and was analyzed as a nonlinear regression according to the equation, log(inhibitor) vs. response-Variable slope (four parameters). Examination of the graphs dictated the use of the least squares (ordinary) method of fitting except in the case of an extreme outlier, where a robust fit was used. The IC 50 values obtained are reported in Table S1 in the supplementary data.
Data archiving and availability
Original data from this study have been deposited at www.synapse. org and will be available on publication.
Results

Morphology of SCs and NF1 PN cells in 3D culture
To facilitate the visualization of the SC and NF1 PN cells in the optically transparent rBM matrix, we stably transduced all the cell lines for this study with RFP. Tumor cells in 3D culture often grow in aggregates that take on a rounded or spherical shape as opposed to the flat morphology induced by growth on plastic (Gurski et al., 2009 ). The normal microenvironment of SCs is dominated by collagen IV and laminin (Carey et al., 1983; Haraida et al., 1992) . In vivo growth of PNs results in increased fibroblast infiltration/proliferation and production of collagen I (Yang et al., 2012; Yang et al., 2006) . We therefore used either rBM (predominantly collagen IV and laminin) or a 60:40 (v:v) mix of rBM plus collagen I for this study. The SCs and NF1 PN cells cultured in 3D showed two distinct morphologies. To illustrate these phenotypes, Fig. 1 shows wild-type SCs, ipn02.8(clone8)-RFP and NF1 PN cells, ipNF95.11b C/T-RFP. The individual wild-type SC cells were spherical and typically formed hollow cup-shaped aggregates embedded in the matrix (a morphology representative of the wild-type SC lines cultured in this study). In contrast, the NF1 PN cells grew as layered sheets of cells within the matrix where the individual cells were highly elongated, having two or more tendril-like outgrowths (representative of all PN cell lines cultured). For cell morphology images of wild-type ipn97.4-RFP SCs and NF1 PN cells, ipNF95.11b C-RFP and ipNF95.6, see Supplementary Fig. 1 . J.M. Kraniak et al. Experimental Neurology 299 (2018) 289-298 
NF1 PN cell lines have an increased capacity for matrix proteolysis
One of the clinical problems of NF1 PNs is that their invasive quality can prevent the possibility of a complete, curative resection. The ability to invade the matrix is promoted by tumor cell secretion of matrix metalloproteinases (MMPs). This class of proteases is located at the cell surface (Sevenich and Joyce, 2014) and at the leading edge of tumors ) enabling the processing of substrates. Although it is the work of multiple proteinases interacting with companion proteins that create a favorable environment for invasion and metastasis, the degradation of collagen IV is part of the process. MMP2 (gelatinase A) enhances the cleavage of collagen IV by MMP9 (gelatinase B) . We therefore assayed the ability of NF1 PN cells to degrade their ECM in comparison to that of wild-type SCs to determine whether this invasive phenotype could be assayed in vitro. We used a live-cell proteolysis assay that reports collagen IV degradation (Sameni et al., 2003) and adapted it for use in 3D cultures of wildtype SCs and NF1 PN cells. There was notably higher capacity for collagen IV degradation (matrix proteolysis) in the NF1 PN cell lines tested compared to the minimal level of activity produced by non-NF1 SCs (Fig. 2) .
In addition to providing morphological analysis of cell structures in 3D cultures ( Fig. 1 and Fig. S1 ), the stable transduction to express RFP was used to develop a novel cell volume assay for proliferation in 3D (Fig. S2 ) that was then used to quantify the proteolytic phenotype (Fig. 3) . To confirm the validity of using RFP volume to report cell number, RFP volumetric data were compared to cell counts based on quantifying the number of stained nuclei. Cells were plated for 3D culture on plastic coverslips and live cell imaging was performed with the confocal microscope after one and six days of growth. Cellular DNA was stained with Hoechst dye 33,342 prior to imaging. RFP fluorescence localized in the cytoplasm and blue fluorescence emitted from the stained DNA in the nuclei were collected in z-stacked images. Reconstruction and quantification of data from both channels by Volocity software yielded structure volume and cell number (count of nuclei). Both structure volume and cell number were compared to determine fold change in the number of viable cells for each parameter over time (Fig. S2 ) and found to be comparable using either measuring system for all the cell lines tested. One consistent result from this analysis is that the wild-type SCs have a higher growth rate in 3D cultures than do the NF1 PN cells.
Normalization of the proteolytic results to structure volume demonstrated that all of the NF1 PN cell lines tested had a significantly higher (p < 0.05) ability to degrade the collagen IV in the rBM matrix than the control SCs (Fig. 3) . We also tested the effect of matrix composition on proteolysis by comparing results from 3D cultures growing in rBM with those growing in rBM mixed with collagen I (60:40, v:v) . The data revealed a similar trend for the NF1 PN cell lines to again have higher proteolytic capacity, although the difference reached significance (p < 0.05) only in the ipNF95.11b C-RFP line (Fig. 3) . Examples of 3D reconstructions are included as movie files in supplementary data.
Analysis of potential targeted agents for NF1 PN treatment in 2D and 3D cultures
To begin use of the models for testing potential targeted therapeutics, we tested the effects of selumetinib (MEK inhibitor) against 2D and 3D cultures of the RFP variants of two wild-type SC lines (ipn97.4 and ipn02.8) and two NF1 PN cell lines (ipNF95.6 and ipNF95.11b C) using a standard MTT assay for net cell viability. The results show that selumetinib is able to inhibit the net cell growth of all the cell lines tested when they are grown in 2D cultures. The inhibitory effect on the wild-type cell lines has a trend toward being more potent, J.M. Kraniak et al. Experimental Neurology 299 (2018) 289-298 with ipn02.8 being the most sensitive and ipNF95.6 least sensitive in 2D culture (Fig. 4) . Under 3D conditions, both of the wild-type lines became resistant to the selumetinib-induced growth inhibition. The NF1 PN line ipNF95.6 also was resistant in 3D culture, but the PN line ipNF95.11b C retained sensitivity to selumetinib (Fig. 4) . J.M. Kraniak et al. Experimental Neurology 299 (2018) 289-298 To begin testing novel targeted agents that have not previously been developed for NF1 treatment we changed our assay design to make it more amenable to higher throughput and to align it with a screening initiative for NF1 PN treatments that has been performed by the Neurofibromatosis Therapeutic Acceleration Program (NTAP). These changes were to assay net cell viability by ATP content (Cell-Titer Glo) rather than oxido-reductase enzymatic capacity (MTT) and to use two NF1 PN cell lines -ipNF95.11b C and ipNF95.6 -with comparison to the control, wild-type SC line ipn02.3.
We assayed the effects of two drugs, LDN-193189 hydrochloride and picropodophyllin (PPP), for their effects on net cell viability of SCs and NF1 PN cells under both 2D and 3D growth conditions (Fig. 5) . The bone morphogenetic protein 2 (BMP2) inhibitor, LDN-193189 hydrochloride, has been shown to decrease motility and invasion but not growth over a 24 h exposure in NF1-associated malignant peripheral nerve sheath tumor (MPNST) cells (Sun et al., 2013) . Besides the association with NF1 pathology this drug was selected for its ability to promote or repress proliferation and migration in a number of cell types (Lehrberg and Gardiner, 2015; Yao et al., 2014) . PPP inhibits insulinlike growth factor 1 receptor (IGF-1R) activity. We selected the IGF1-R as a novel and rational potential target for two reasons. First, because IGF-1R is required for Schwann cell development and response to injury through inhibition of Schwann cell apoptosis (D'Ercole et al., 1996; Ogata et al., 2006; Freude et al., 2008) . Second, because IGF-1R is strongly expressed in patient samples of MPNST and PNs (Friedrich et al., 2007) .
To determine effects on cells cultured in 2D and 3D, 48 h treatments of PPP and LDN-193189 were performed. The results for PPP show that both the control cell line (02.3) and the two PN cell lines were inhibited in their growth across an approximately similar range of concentrations when the cells were grown in 2D (Fig. 5) . One notable distinction here is that while PPP was able to completely block growth of both wild-type ipn02.3 SCs and ipNF95.11b C PN cells, it was only able to partially inhibit (approximately 50%) growth of ipNF95.6 PN cells. The distinctions between the different cell lines' sensitivities to PPP became much more evident when the cells were growing in 3D. All the cell lines showed very significant resistance. The ipn02.3 SCs retained some sensitivity to growth inhibition by PPP, but the maximal effect just cleared 50% inhibition of growth. The two PN cell lines were much more resistant, with only a marginal effect remaining in ipNF95.11b C, but the ipNF95.6 cells continued to grow even at the highest concentrations of PPP tested. IC 50 values for both drugs are reported in supplementary material, Table S1 .
Results for LDN-193189 hydrochloride showed that all three cell lines were inhibited in their growth in 2D over a similar concentration range, with complete inhibition of growth recorded at 1.6 μM for ipn02.3 SCs and ipNF95.6 PN cells, but that ipNF95.11b C PN cells were slightly less sensitive, requiring 8 μM for full inhibition (Fig. 5 ). There was a slight shift in the dose-response curve to the right when the cells were allowed to grow in 3D, but all the cell lines were fully inhibited at 8 μM of LDN-193189, which shows that there is little resistance induced to this agent by the presence of the richer microenvironment.
Discussion
Culture in 2D has contributed much to our understanding of the molecular biology of the cell but fails to take into account the presence in vivo of multiple cell types and the complexity of the tumor environment. These differences can result in data that is misleading and may falsely predict clinical outcome. For example, studies have shown differences in response to drugs between 2D and 3D culture. Although sufficient data is not yet available determining 3D to be more predictive of clinical outcome, there is an emerging paradigm that 3D models may provide a superior pathomimetic recapitulation of tumor biology (Kimlin et al., 2013; Santo et al., 2017) . The goal of this study was to develop robust 3D models of NF1 PNs and SCs with wild-type conditions. The protocol is described in Fig. 4 except that data were collected by using CellTiter-Glo Luminescent Cell Viability Assay. Results are expressed as the mean ± SE of two replicates. 02.3 = ipn02.3 2λ-RFP, 95.11b C = ipNF95.11b C-RFP, 95.6 = ipNF95.6-RFP. neurofibromin expression to provide new platforms for identification of targeted therapeutics that will be effective for translation into the clinic for slow growing peripheral nerve sheath tumors.
We transduced five cell lines, two SC and three PN, with RFP and defined their morphology in 3D in rBM with confocal microscopy (Fig. 1) . The SCs derived from normal nerves are rounded and formed structures that are cup-like with a hollow center. The individual PN cells exhibit an elongated cell body and form stellate structures that branch to neighboring cell aggregates. This is reminiscent of structural differences in breast cancer epithelial cells grown in 2D versus 3D with the morphological differences being associated with invasiveness or malignancy (Benton et al., 2009; Kenny et al., 2007) . Similarly, the results of the present study suggest that SCs and PN cells have distinctly different morphologies that may be associated with a relatively more aggressive/invasive phenotype for the PN cells.
To further investigate the potentially more aggressive phenotype of PN cells we assayed the ability of 3D cultures of SCs and NF1 PN cells to degrade collagen IV in their matrix. The wild-type cell lines derived from normal nerves showed very low levels of proteolysis, a factor that supports a non-invasive phenotype. In contrast is the distinctive PN cell morphology of elongated cell body, multiple processes and overall network formation was associated with significantly higher matrix proteolysis. The ability to migrate and invade is closely allied to proteolysis of the ECM. MMPs (collagenases and gelatinases), located in the peri-cellular space of the tumor, drive cancer progression by degrading the structural components of the extracellular matrix and break down basement membranes, for example, of blood vessels to gain access to the circulatory system (Brinckerhoff et al., 2000) . These MMPs can be secreted by invading inflammatory cells, endothelial cells, fibroblasts and tumor cells (Kessenbrock et al., 2010) . However migration is a complex function. MT1-MMP and MT3-MMP regulate the attachment and detachment of tumor cells to extracellular matrix molecules like hyaluronic acid, collagen I, laminin and fibrin. This attach/stretch/ detach activity increases cell motility (Senbanjo and Chellaiah, 2017; Kajita et al., 2001 ) and ultimately invasion. These complex interactions can be investigated in 3D culture models with the use of confocal microscopy, interactions not possible to observe with 2D models.
The increase in matrix proteolytic activity (capacity to degrade collagen IV) observed in the 3D cultures of NF1 PN cells as compared to control cultures of SCs may be highly significant and translatable to human tissues . First, these results confirm original observations that found that SCs derived from human neurofibromas were highly invasive and secreted much more matrix metalloprotease-2 (a gelatinase) than control human SCs (Muir, 1995) . Second, the clinical experience is that these tumors often penetrate into adjacent tissues and thus it is very difficult to achieve a complete, curative resection (Friedrich et al., 2005) . It is possible that this fluorescencebased assay developed here could be used to screen for drugs that may effectively block this phenotype of infiltrating nerve lesions in future studies.
The proteolytic assay used here is adapted from that developed by Bonnie Sloane and colleagues (Sameni et al., 2003; Moin et al., 2012) . In order to normalize the proteolytic activity to cell number, we used a volumetric assay of the expression of RFP as a surrogate for cell counting. Previously, for example, this normalization has been done by counting the number of stained nuclei (Sameni et al., 2009 ). There are two notable limitations of using DNA dyes. The first is that they are toxic and therefore cannot be used to track changes in cell number in the same 3D culture over time. The second problem is that it takes significant image analysis time to accurately discern and quantify the nuclei from the reconstructed 3D images. The volumetric assay of RFP overcomes both of these obstacles because it is relatively non-invasive, and thus compatible with repeated application, and requires much less image analysis. We initially confirmed that the rate of cell proliferation reported for both slowly and rapidly growing NF1 PN cells and SCs was comparable by counting nuclei and measuring volume of RFP (Fig. S2 ).
This approach is also supported by recent results showing that volumetric assay of fluorescence is the best way to assay 3D structures that are composed of labeled cells (Leary et al., 2016) .
Notably, our results show that wild-type SC growth in 3D is faster than that of NF1 PN cell growth in 3D. In vivo SCs that have myelinated the axon do not proliferate. However, if the nerve is injured and the axon is lost, the SCs dedifferentiate into repair cells that are proliferative (Glenn and Talbot, 2013) . When the SCs are isolated from the nerve tissue, they proliferate in a 2D culture on plastic. Our study shows that this proliferation is maintained in 3D culture even though the serum content of the media is greatly reduced. It is possible that the wild-type SCs are proliferative in 3D culture due to the absence of the nerve. We hypothesize that if the 3D model better represented the in vivo condition by including functional axonal mimics then the SCs would reduce their proliferation rate and potentially redifferentiate into myelinating cells. This highlights a limitation of our study, which is that our models did not include multiple cell types in a co-culture design. Although beyond the scope of this initial study, future work will focus on creating a multicellular 3D model that we expect to provide further distinction between wild-type SCs and NF1-mutant SCs.
Although it was unexpected that the growth rate of the NF1 PN cells in our 3D culture system is slower than that of the wild-type SCs, this may in fact be an accurate representation of PN growth in humans in vivo. Human tumor growth rate in situ, as measured in doubling time, depends on the histological type of the tumor and varies widely from less than one week to over a year (Fisher et al., 2008) . Clinically, PN have the most rapid growth in young children (Dombi et al., 2007) . In this study the net viable mass of PN cells in 3D cultures doubled in about a week. A rough estimate of doubling time on plastic is 10 to 48 h (depending on the cell line). Hence, the slower growth of NF1 PN in 3D is consistent with behavior of PN in vivo.
The underlying loss of neurofibromin in NF1 tumors has long suggested that targeting activated Ras and its downstream pathways might be an effective therapeutic approach . Oncogenic Ras has proved a particularly challenging drug target, and the nonmutated, wild-type Ras proteins that are activated in NF1 have been less studied in this context (Mattingly, 2013; Brock et al., 2016) . The MAP kinase pathway downstream of activated Ras is a promising target for NF1 tumors . Intriguing pre-clinical data in animal models of NF1 neurofibromas (Jessen et al., 2013) led to the recently reported clinical trial in which the MEK inhibitor selumetinib produced partial responses in 17 of 24 children with PNs (Dombi et al., 2016) . Despite these extremely encouraging results, it is important to realize that responses to single targeted therapeutics are often transient, including in the animal models of NF1 tumors, due to development of resistance (Watson et al., 2014) . Given this, it may be that the 3D culture allows more predictive modeling of the human NF1 PN behavior. Specifically, the results from the 2D cultures of wild-type SCs and NF1 PN showed no discrimination in their sensitivity to the MEK inhibitor. The 3D cultures, however, revealed a particular sensitivity for one of the NF1 PN cell lines whereas both the wild-type SC lines tested were profoundly resistant to selumetinib. The fact that only one of the NF1 PN cell lines tested was sensitive to selumetinib in 3D could reflect patient variability in the origin of the tumors.
The goal of this project was to develop pathomimetic 3D models of NF1 PNs that would allow identification of additional targeted therapeutic approaches at a much higher throughput than is available in the animal models and with much greater likelihood of predicting clinical utility than is available from traditional 2D cell culture. We therefore developed a higher throughput assay of net cell viability based on ATP content that can be applied to 3D cultures using Cell-Titer Glo. PPP, which inhibits IGF-1R, blocks cell proliferation in 2D cultures but is less active in 3D notably for PN lines. The efficacy of PPP to block proliferation of ipn02.3-RFP cells may be attributed to a PPP-induced mitotic block (Waraky et al., 2014; Wu et al., 2013 ) (an IGF-1R independent mechanism). This mechanism of action would be consistent with the observation that ipn02.3-RFP demonstrated increased proliferation over PN cell lines in 3D culture.
There is a lack of differential activity between 2D and 3D for the BMP-2 inhibitor, LDN-193189, which may be explained by lack of pathway significance or off-target effects of the drug. The action of LDN-193189 against cultures of NF1 MPNST cells is, however, highly synergistic with the effects of selumetinib (Ahsan et al., 2016) , which suggests that it is a promising agent to assay in combination studies in the PN 3D cultures with a view to further development of therapeutic approaches for these tumors. In conclusion, the methodology developed here represents a significant advance for a culture system that has the promise to improve the predictability of pre-clinical in vitro systems particularly for slow growing peripheral nerve tumors like PN.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.expneurol.2017.10.012.
